Summary Since throughout history A. sativa has always been selected for grain production, thus requiring regular meiosis to ensure pollen fertility and since A. strigosa has been restricted to forage use, not requiring pollen fertility for its agronomic purposes, the present research compares the efficiency of the meiotic process in varieties of both species, to date under selection for animal fodder. Cytological analyses revealed several different kinds of meiotic abnormalities common to both species, including abnormal chromosome segregation, bridges, and cytomixis among microsporocytes. All varieties of A. sativa (2nϭ6xϭ42) were slightly more affected than those of A. strigosa (2nϭ2xϭ14). Results suggest that, despite its agronomic use that not requires pollen fertility, A. strigosa does not tolerate aneuploid gametes as a guaranty for species survival.
83400, SI 90056, and Common Black) were collected in trials undertaken at the Experimental Farm of the State University of Maringá where they were being evaluating for the purpose of animal feeding forage.
Panicles of each variety were collected in the morning and fixed in Carnoy (ethanol: acetic acid, 3 : 1 v/v) for 24 h and stored in a new fixative solution under refrigeration until use. At least 2000 microsporocytes per variety, representing all phases of meiosis, were analyzed. Microsporocytes were prepared by squash technique and stained with 1% propionic carmine. The same procedures and stain were employed to test pollen sterility. All meiotic abnormalities were carefully examined, whereas the most significant were documented in a Kodak Imagelink-HQ 25 ISO, black and white film.
Results
Cytological analyses performed in A. sativa and A. strigosa varieties showed differences in the frequency of meiotic abnormalities between themselves and among phases (Table 1) . While in both species, meiosis I was more affected than meiosis II, metaphase I and anaphase I were the most affected phases. In both species, some few univalentes were observed in diakinesis in all varieties (Figs. 1a, 2a) , similarly there was a predominance of terminal chiasmata. The most common meiotic abnormalities were those related to irregular chromosome segregation characterized by precocious chromosome migration to the poles (Figs. 1b, 2b ), non-oriented bivalents on the metaphase plate ( Fig. 1c ) and laggard chromosomes (Fig. 2c ) leading to micronuclei formation at telophase (Fig. 2e ). In the second division, abnormalities were similar to those observed in meiosis I. They are shown in Figs. 1e, f and 2f-h. As a consequence for such irregularities, micronuclei were observed in tetrads (Fig. 1g) , microspores (Figs. 1h , 2i) and pollen grains (Fig. 1i) . Chromosome bridges at anaphase I were very frequent in all varieties of A. sativa, while in A. strigosa varieties the frequency was lower. In anaphase II of both species, bridges frequency decreased considerably and some varieties failed to show any. All varieties of both species also presented chromatin transfer among microsporocytes during zygotene (Fig. 3) . The phenomenon was more common between 2 microsporocytes, but chromatin transfer involving up to 5 cells has been reported ( Table 2 ). In this phase, additional chromosome or entire genome was observed in some microsporocytes ( Fig. 3c-e) . Pollen sterility was lower than the frequency of meiotic abnormalities in both species (Table 1) . Table 2 shows the frequency of each meiotic abnormality in the 2 species.
Discussion
Most abnormalities observed in the 2 species under analysis were similar to those previously reported in A. sativa (Howard 1948 , Joshi and Howard 1955 , McMullen et al. 1982 , Guillin et al. 1995 , Baptista-Giacomelli et al. 2000 .
Precocious chromosome migration to the poles, in general, is due to univalent chromosomes. Univalents may originate from the absence of crossing-over in pachytene or from the presence of synaptic mutants. Analysis of pachytene showed perfect chromosome pairing. Univalents were visible only at the end of diakinesis and in small numbers, suggesting precocious chiasmata terminalization. This assumption has been reinforced by the fact that the number of univalents migrating precociously to the poles in metaphase I was higher than that observed in diakinesis. An increase in univalent frequency in metaphase I in relation to diakinesis has also been reported in A. sativa and A. sterilis lines and hybrids (McMullen et al. 1982) and in Brazilian cultivars of A. sativa (BaptistaGiacomelli et al. 2000 a) . In the Argentine lines and hybrids of A. sativa analyzed by Guillin et al. (1995) , univalent chromosome were not observed, in spite of low chiasma frequency. Chiasmata are responsible for the maintenance of bivalents till the end of metaphase I, allowing perfect chromosome segregation in anaphase. The original concept of chiasma terminalization proposed by Darlington (1929) , such as the moving of chiasma to bivalent ends, which begins in diplotene and continues up to and includes metaphase I, has been discussed and revised. Basing themselves on a recent analysis of the phenomenon, Vysotskaya (1995) and Bascom-Slack et al. (1997) concluded that disjunction accounts for the repulsion of sister chromatids. Independently of the old and the new concept of chiasma terminalization, results obtained in oat varieties analyzed here, coupled to those found by McMullen et al. (1982) and Baptista-Giacomelli et al. (2000 a, b) , corroborate with the idea that univalents were originated by desynapsis promoted by precocious chiasma terminalization, since chiasmata at diakinesis are, in general, terminal. The other meiotic abnormality related to chromosome segregation, i.e., the presence of nonoriented bivalents on the metaphase plate, is common among plants, and has been reported also in Brazilian oat cultivars (Baptista-Giacomelli et al. 2000 a) and in Argentine oats (Guillin et al. 1995) . The inability of chromosomes to congregate on the metaphase plate may be related to the kinetochore. Nicklas and Ward (1994) enumerated some factors that might impair the attachment of kinetochores to spindle fibers.
Chromosome bridges abundantly found at anaphase I in all varieties were also reported by Baptista-Giacomelli et al. (2000 c) in A. sativa. Bridges may originate in different ways, or rather, in structural chromosome rearrangement, chromosome stickiness and late chiasma teminalization. Bridges from structural rearrangements are rare and, in general, occur singly and are accompanied by fragments. These characteristics were not found in the oat varieties studied, in which the bridges occurred at high frequency, were multiple in the same cell and were never accompanied by fragments. Bridges resulting from chromosome stickiness, on the other hand, may be multiple such as those observed here. However, they have certain characteristics that distinguish them from those observed in this crop, such as persistence until telophase or late meiotic phases and may involve all chromosomes. Thus, in the present case, similar to that reported by Baptista-Giacomelli et al. (2000 c) , bridges are taken as a result of late chiasma terminalization mainly in those bivalents that presented interstitial chiasmata. In spite of their high frequency, chromosome bridges did not have genetic consequences owing to their disappearance at the end of anaphase without causing chromosome breaks.
It has also been reported that chromosome transfer among microsporocytes, observed in different frequencies in all varieties, occurs in low frequency and associated with stickiness in Brazilian cultivars of A. sativa (Baptista-Giacomelli et al. 2000 a) . In the present varieties, cytomixis was observed only during zygotene and, in some individual cells, additional chromosomes or entire genome were reported. The occurrence of cytomixis only in the early phases of prophase I and additional chromosomes or genome in individual cells suggest that chromosome transfer occurred also in premeiotic mitoses. Although cytomixis has been described in several plant species, its role in evolution is speculative. The process is considered to be a source of aneuploid and polyploid gametes (Yen et al. 1993) . In some species, a close correlation between chromosome transfer among microsporocytes and pollen fertility has been detected (Consolaro and Pagliarini 1995) .
In all varieties of both species, the first division was more affected than the second. Chromosomes migrating precociously to the poles, or the laggard ones, could be included in telophase I nuclei, so that the frequency of abnormal cells in the second division is always lower. The frequency of abnormal tetrads in A. sativa ranged from 1.55 to 6.60% and in A. strigosa, from 0.83 to 3.71%, while pollen sterility ranged from 1.02 to 5.93% and 2.38 to 5.75%, respectively. Low correlation between meiotic abnormalities and pollen fertility has also been observed in A. sativa cultivars by Baptista-Giacomelli et al. (2000 a) .
Seed production by sexually propagated plants depends on double fertilization and fertile pollen grains. Correlation between meiotic abnormalities and productivity has been found in many diploid species (Pagliarini 2000) . On the other hand, absence of any correlation between meiotic abnormality and fertility has been found in some polyploid species (Sisodia et al. 1970 , Merker 1971 , Del Duca 1976 , including hexaploid oats (Rajhathy and Thomas 1974) and has been explained by the buffering effect of polyploidy, that compensates, at least in part, the loss of genetic material (Mackey 1954) . For diploid species, the loss or the gain of chromosomes, in general, is lethal. In this context, our research aimed at comparing the efficiency of the meiotic process in varieties of A. sativa (2nϭ6xϭ42) used throughout human history for grain production, thus requiring regular meiosis and pollen fertility, against varieties of A. strigosa (2nϭ2xϭ14) selected for green mass production for forage, a characteristic that not requires total pollen fertility. Based on these assumptions, our results were not expected because the present varieties of A. strigosa presented proportionally less meiotic abnormalities than A. sativa varieties. However, these findings could be explained on the base of the diploid condition of A. strigosa, which, in spite of its agronomic use, avoid aneuploid gametes as a guarantee of species survival.
